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Chemiluminescence  attributable  to  OH  X  -•  *11  emission  is  observed  in  hydrogen-atom 

transfer  reactions  of  Nj^  and  Ar"*"  with  H2O.  High-resolution  OH  A  ->X  spectra  [0.5  nm  full 
width  at  half  maximum  (FWHM)  ]  are  presented  as  a  function  of  collision  energy  in  the  range 
^c.m.  =  ^70  eV.  The  spectra  clearly  show  an  increase  in  rotational  broadening  with  collision 
energy.  To  reasonably  fit  the  spectral  data,  simulations  require  contributions  from  two 
Boltzmann  distributions  with  different  rotational  temperatures.  It  is  proposed  that  the  OH  A 
state  is  formed  via  two  channels.  In  the  dominant  channel,  A  state  OH  is  formed  in  both  v'  =  0 
and  u'  =  1,  with  a  collision  energy-dependent  rotational  temperature  ranging  from  1(X)0  K  at 
K.m.  =  6  eV  to  3400  K  at  ^  —  19  eV.  The  rotationally  excited  products  are  proposed  to  be 
formed  in  a  two-step  reaction  involving  charge  transfer,  followed  by  the  transfer  of  a  proton  to 
the  “primary”  species.  The  second  channel  is  characterized  by  formation  of  A  state  OH 
primarily  in  the  v'  =  0  vibrational  level  with  a  rotational  temperature  of  300  K.  Comparison  of 
low-resolution  (4  nm  FWHM)  OHy4-»Jr and  HjO"^  A  ^A,->X^B,  emissions  provides  an 
estimate  for  the  OH  A  state  cross  sections  of<7<0!’xl0~'*  cm*  for  N  -|-  HjO  at  fen, 
between  6  and  20  eV,  representing  less  than  10%  of  the  hydrogen  atom  pickup  channel  at  these 
energies.  For  Ar"^  -f-  HjO  at  „  between  1 1  and  32  eV,  the  estimated  OH  A  state  cross 
section  is  er<  0.5  A*,  which  may  represent  all  of  the  hydrogen  atom  pickup  channel  at  the 
higher  energies. 


I.  INTRODUCTION 

Gas  phase  ion-molecule  reactions  proceed  primarily 
through  a  direct  mechanism'  at  suprathermai  energies  (i.e., 
at  center-of-mass  reaction  energies,  m  -  from  1  to  50  eV). 
Exothermic  direct  processes  exhibit  large  cross  sections  if 
they  are  efficient  at  large  impact  parameters.  Little  momen¬ 
tum  is  transferred  in  such  collisions,  thus  large  cross  sections 
are  only  observed  for  the  transfer  of  low  mass  particles  (e.g., 
e”,H,H''^,H“),  while  most  of  the  reaction  exothermicity  is 
channeled  into  internal  excitation  of  the  products.*  *  Elec¬ 
tron  transfer  is  the  simplest  direct  process  in  ion-molecule 
collisions.  Exothermic  charge-transfer  processes  do  not  re¬ 
quire  a  significant  momentum  transfer;  therefore,  a  long- 
range  electron  hop  is  possible  and  large  suprathermai 
charge-transfer  cross  sections  are  frequently  observed.*’^'® 
It  has  been  postulated  that  the  magnitude  of  the  state-to- 
state  charge-transfer  cross  section  is  a  function  both  of  the 
Franck-Condon  overlap  between  the  reactant  and  product 
vibronic  wave  functions,  and  of  the  energy  gap  between  the 
reactant  and  product  energy  levels.""'*  Recently,  we  have 
reported'*  '*  intense  luminescence  from  the  charge-transfer 
systems: 

-I-  HjO-Nj  HzO^  -I-  2.96  eV  ( 1 ) 

and 

Ar^ -l-HjO^Ar-i-HjO^ -|-3.14eV.  (2) 


*’  PhotoMetrics,  Inc. 

Formerly  the  Geophysics  Laboratory. 


The  analysis  of  the  luminescence  spectra  shows  that  large 
suprathermai  cross  sections  result  from  population  of  highly 
vibrationally  excited  H20^  A  ^A,  levels  that  are  near  reso¬ 
nant  with  the  reactant  energy  level,  as  predicted  by  the 
Franck-Condon  and  energy  resonance  arguments. 

The  simplest  gas  phase  ion-molecule  chemical  reactions 
are  those  involving  the  transfer  of  a  hydrogen  atom  or  ion. 
Suprathermai  hydrogen  transfer  reactions  have  been  postu¬ 
lated  to  occur  either  directly*  '^  or  through  a  nonadiabatic 
channel  involving  a  charge-transfer  intermediate  spe¬ 
cies.  '®’*®  The  spectator  stripping  kinematic  model,  which  is  a 
specialized  case  of  the  pairwise  energy  model,*'  considers 
the  reaction  as  occurring  solely  between  the  primary  ion  and 
the  hydrogen  atom  being  stripped,  and  the  remainder  of  the 
target  molecule  is  termed  the  spectator  of  the  overall  reac¬ 
tion.  The  nonadiabatic  transfer  model  invokes  a  transition 
from  the  primary  reactant  surface  to  the  charge-transfer 
surface  as  the  first  step  in  the  hydrogen  atom  transfer.  In  the 
Ar*"  +  H2-*  ArH"'"  -|-  H  system,  for  example,  proton  trans¬ 
fer  on  the  Ar  -|-  Hj*^  surface  is  the  most  likely  pathway  for 
the  overall  reaction.'® 

The  suprathermai  reactions  of  Nj*"  and  Ar"^  with  H2O 
each  exhibit  a  hydrogen  atom  abstraction  channel: 

N2*  -I-  H2O-N2H+  -f  OH  1.9  eV  (3) 

and 

Ar^ -l-H20--ArH^ -^OH-(-0.9eV.  (4) 

Reactions  ( 3 )  and  (4)  account  for  approximately  5-10  %  of 
the  total  N2*^  -I-  H2O  and  Ar*^  -f  H2O  reaction  cross  sec¬ 
tions.*-****  Product  ion  kinetic-energy  measurements  have 
been  previously  reported  for  reaction  (4)  (Ref.  23)  and  for 
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the  deuterated  analog  of  reaction  (3)  (Ref.  2).  In  those 
cases,  the  product  ion  translational  energy  is  in  good  agree¬ 
ment  with  the  pairwise  energy  prediction. 

Observation  of  ionic  species  is  sufficient  to  provide  ion- 
neutral  icaction  cross  sections;  however,  the  spectroscopy  of 
chemilumii.escent  ionic  and  neutral  products  can  provide 
additional  information  regarding  the  reaction  dynamics. 

The  HjO  and  Ar^  -I-  HiO  collision  systems  are  the 

first  reported  systems  that  produce  optical  emissions  in  both 
charge  transfer  and  chemical  exchange  channels.  Reactions 
(3)  and  (4)  exhibit  chemiluminescence  that  is  attributable 
to  the  neutral  product  OH  A  —  A'  ^fl  transition.  The  for¬ 

mation  of  A  state  OH  is  endothermic  by  2.1  and  3.1  eV  in 
reactions  (3)  and  (4),  respectively.'*  Thus,  the  chemilu¬ 
minescent  OH  products  are  formed  in  smaller  impact  pa¬ 
rameter  collisions  than  those  resulting  in  luminescent 
charge-transfer  products. 

We  report  here  a  study  of  the  OH  A^2^  -^X^U  chemi¬ 
luminescence  in  reactions  (3)  and  (4),  measured  over  the 
collision  energy  range  of  ^  =  5-20  eV.  High-resdution 
spectra  [0.5  nm  full  width  at  half  maximum  ( FWHM )  show 
contributions  from  the  (0,0),  (1,0),  and  (1,1)  vibrational 
bands  of  the  OH  A  -*X  transition.  Rotational  broadening  of 
these  bands  is  observed  as  the  collision  energy  is  increased. 
Simulations  have  been  performed  to  determine  the  nascent 
rotational  population  of  the  OH  A  state  product.  The  experi¬ 
mental  and  simulation  techniques  are  described  in  Sec.  II. 
Spectral  data  and  the  simulation  results  are  presented  in  Sec. 
III.  An  estimate  of  the  OH  A  state  formation  cross  section  is 
presented  in  Sec.  IV,  along  with  a  discussion  of  the  dynamics 
involved  in  production  of  the  excited  OH. 

II.  EXPERIMENT 

The  chemiluminescence  measurement  apparatus  con¬ 
sists  of  an  ion  beam-static  gas  collision  cell  in  a  double  mass 
spectrometer/emission  detection  system  that  has  been  de¬ 
scribed  in  detail  previously. Briefly,  an  ion  beam  is 
formed  in  a  dc  plasma  discharge  ion  source,  accelerated  into 
and  mass  selected  by  a  Wien  velocity  filter,  decelerated  in 
two  stages  to  the  desired  collision  energy,  and  passed 
through  a  1.9  cm  path  length  cell  containing  the  target  gas 
(HjO)  maintained  at  1.5  mTorr.  The  mean  free  path  is  ap¬ 
proximately  2  orders  of  magnitude  longer  than  the  cell  di¬ 
mension,  thus  secondary  collisions  that  could  change  the  A 
state  OH  rotational  and/or  vibrational  population^*  ’’  are 
insignificant  here. 

To  measure  the  primary  ion  energy,  retardation  poten¬ 
tial  scans  are  performed  using  a  set  of  fine  grids  following  the 
collision  chamber.  A  quadrupole  mass  filter  provides  ion 
identification.  The  primary  ion  beam  current  impinging  on  a 
grid  following  the  collision  chamber  is  measured  by  an  elec¬ 
trometer  and  recorded  on  a  chart  recorder.  A  vacuum-sealed 
fiberoptic  bundle  guides  emitted  light  from  the  collision 
chamber  to  an  external  spectrograph  and  optical  multichan¬ 
nel  analyzer  (OMA,  Princeton  Instruments)  that  is 
equipped  with  an  S-20  photocathode  and  an  intensified  pho¬ 
todiode  array  (730  active  diodes).  The  OMA  data  consists 
of  signal  and  background  exposures,  each  lasting  30  min,  for 
which  the  ion  beam  alternately  passes  through  the  target  gas 


cell  or  is  deflected  prior  to  the  cell.  The  apparatus  produces 
no  optical  background  signal;  however,  the  background 
scans  are  required  to  properly  account  for  the  diode  noise  in 
the  OMA  collector.  For  the  data  presented  here,  a  final  spec¬ 
trum  is  the  sum  of  2  to  125  such  (signal-background)  scans. 
A  mercury  lamp  is  used  to  calibrate  the  wavelength  scale. 
Using  a  deuterium  lamp,  the  detector  spectral  response  is 
found  to  be  constant  over  the  wavelength  range  of  interest  to 
high-resolution  measurements  in  this  study,  i.e.,  280-320 
nm.  Low-resolution  measurements  are  also  presented  here 
for  which  the  OMA  spectral  response  is  measured  using  a 
tungsten  halogen  lamp  with  a  color  temperature  of  3200  K. '  ^ 

Simulations  of  the  spectra  are  performed  to  determine 
the  rotational  temperature  of  the  OH  A  slate  products.  For 
the  simulations,  it  is  assumed  that  the  A  state  OH  has  a 
Boltzmann  rotational  population  with  a  characteristic  tem¬ 
perature.  Gaussian  profiles  are  used  for  the  simulation  lines, 
with  the  widths  set  to  0.55  nm  for  the  high-resolution  simu¬ 
lations.  The  transition  line  intensities  are  taken  from  Dieke 
and  Crosswhite, and  the  line  positions  are  calculated  from 
energies  tabulated  therein.  Good  fits  to  the  data  are  obtained 
with  the  rotational  transition  probabilities  scaled  as 
1:0.26:0.47  for^'  (u',u")  =  (0,0):(  1,0):(  1,1 ),  in  good  agree¬ 
ment  with  the  transition  probability  ratios  reported  by  Chid- 
sey  and  Crosley.^^ 

The  spectroscopy  of  the  OH  ^2  *  —X  ^11  transition  is 
well  known  and  has  been  documented  by  Dieke  and  Cross- 
white.'”  Briefly,  this  transition  is  intermediate  between 
Hund's  case  (a)  and  case  (b),  with  slow  rotation  levels  clos¬ 
est  to  case  (a),  and  fast  rotation  levels  closest  to  case  (b). 
The  selection  rule  for  the  .4— A"  transition  is  A/  =  0  +  1 
where  J,  the  total  angular  momentum  quantum  number,  is 
equal  to  A"  -f  J  and  K  is  the  total  angular  momentum  quan¬ 
tum  number  apart  from  electron  spin.  For  Hund’s  case  (b), 
there  is  a  further  selection  rule:  AK  =  0  +  1 .  There  are 
twelve  possible  branches:  the  six  main  branches  ( Ay  =  0) 
are  P2,  0,,  Q2,  and  /?-;  the  six  satellite  branches 
(Ay  =  +  1 )  are  O,,,  F,,,  Q21,  0,2,  R^i,  and  Sj,.  Here  O,  P, 
Q,  R,  and  S  refer  to  the  transitions  A/T  =  2,  1,  0,  —  1,  and 
—  2,  respectively.  The  subscripted  indices  1  and  2  refer,  re¬ 
spectively,  to  the  states  y=  K  +  Jandy  =  K  —  ^;and  where 
two  subscripts  are  shown,  the  first  refers  to  the  upper  (A ) 
state  value  and  the  second  refers  to  the  lower  [X)  state  value. 
For  comparison,  at  3000  K  the  strongest  lines  in  the  main 
branches  are  5  to  10  times  more  intense  than  the  strongest 
lines  in  the  satellite  branches.'”  The  radiative  lifetimes  of  the 
low  rotational  levels  in  the  OH  A  state  have  been  reported  to 
be  r  =  693  +  30  ns  for  u  =  0  and  r  =  736  +  39  ns  for 
1;=  1.” 

III.  RESULTS 

A.  Chemiluminescence  data 

Luminescence  measurements  for  N,*  -|-  H-O  and 
Ar'^  4-  H.O  collisions  reveal  both  OH  A-^X  and  H.O’^ 
A'A^—X-B^  emissions.'*'’  Low  resolution  (4  nm 
FWHM )  spectra  are  shown  for  these  two  systems  as  a  func¬ 
tion  of  collision  energy  in  Figs.  1  and  2,  respectively.  The 
relevant  emission  spectral  regions  are  marked  in  both  fig- 
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FIG.  1.  Low-resolution  (4nm  FWHM)  chemiluminescence  measurements 
at  several  center-of-mass  energies  for  +  HjO  reactions.  The  spectral 
ranges  of  significant  OH,  N,.  and  HjO'^  emissions  are  labeled. 

ures.  The  signal  dropouts  observed  at  210  and  590  nm  indi¬ 
cate  the  OMA  active  detection  range  for  these  measure¬ 
ments.  For  both  systems,  the  H20^  emissions  are  the 
dominant  signal  and  are  found  at  all  energies  reported  here. 
The  OH  emissions  exhibit  an  energy  dependence,  with  an 


onset  near  6  eV  for  +  H^O  and  near  1 1  eV  for 
Ar^  -f  HjO.  This  behavior  is  qualitatively  consistent  with 
the  OH  A  state  formation  being  an  endothermic  process  and 
the  HjO^  A  state  formation  being  an  exothermic  process.  At 
the  higher  energies  in  Fig.  1,  emissions  are  also  observed  in 
the  Nj  second  positive  system,^  which  is  excited  by  inelastic 
charge  transfer  collisions.  In  all  figures  presented  here,  the 
data  and  simulations  are  normalized  to  their  highest  peak. 

A  1  nm  ( FWHM )  resolution  emission  measurement  for 
Ar"*^  +  HjO  at  ^  =  16  eV  is  shown  in  Fig.  3.  The  arrows 
show  the  bandheads  for  (v‘,v")  transitions  with  u'  =  0  —  3 
in  the  wavelength  range  of  interest.  The  horizontal  bars 
show  the  range  from  each  band  head  to  the  corresponding 
=  15)  line,  which  is  arbitrarily  chosen  to  provide  a 
wavelength  range  that  includes  most  of  the  band’s  emissions. 
The  dashed  line  represents  the  zero  signal  level.  The  OH 
emissions  attributable  to  the  (0,0),  ( 1,0),  and  ( 1,1 )  vibra¬ 
tional  bands  are  readily  identified  in  Fig.  3.  As  resolution 
and  the  signal-to-noise  ratio  are  increased,  no  emissions  are 
found  to  be  attributable  to  u'  =  2  or  3  bands.  The  OH  A  state 
v'  =  2  level  has  been  reported  to  fully  predissociate,  with 
decay  lifetimes  of  <  200  ns.^^’*  A  recent  study  of  the  predis¬ 
sociation  in  the  y'  =  3  leveF*  calculates  lifetimes  for  this  vi¬ 
brational  level  to  be  on  the  order  of  100  ps.  Thus,  no  emis¬ 
sions  are  expected  even  if  these  upper  levels  are  initially 
populated. 

High-resolution  (0.5  nm  FWHM)  measurements  have 
been  performed  at  several  collision  energies  for  reactions  ( 3 ) 
and  (4),  and  are  displayed  in  Figs.  4  and  5.  Rotational 
broadening  clearly  increases  as  the  collision  energy  in¬ 
creases.  Above  =  20  eV,  minor  N,  (second  positive 
system)’^  emissions  are  also  observed  at  313-316  nm  in  the 
Nj*  +  H2O  case.  These  Nj  emissions  are,  however,  below 
the  noise  level  for  the  data  presented  here. 
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Wavelength  (Nanometers) 

FIG.  2.  Low-resolution  (4nm  FWHM)  chemiluminescence  measurements 
at  several  center-of-mass  energies  for  Ar  ‘  +  H.O  reactions.  The  spectral 
ranges  of  significant  OH  and  H2O*  emissions  are  labeled. 


FIG.  3.  Medium-resolution  ( 1  nm  FWHM )  chemiluminescence  spectrum 
for  Ar*  +  H.O  at  F.  „.  =  16  eV.  Arrows  show  the  bandheads  for  (t''.i>' ) 
transitions  with  w'<3  in  the  wavelength  range  of  interest.  Horizontal  bars 
show  range  of  band  up  to  F,  ( 1 5 ) . 
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FIG.  4.  High-resolution  (0.5  nm  FWHM)  chemiluminescence  measure¬ 
ments  at  several  center-of-mass  energies  for  Nj*  -1-  HjO  reactions.  The 
bandheads  fur  the  (0,0),  (1,0),  and  (1,1)  transitions  are  shown. 
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Wavelength,  Nanometers 


FIG.  5.  High-resolution  (0.5  nm  FWHM)  chemiluminescence  measure¬ 
ments  at  several  center-of-mass  energies  for  Ar*^  -f  HjO  reactions. 


B.  Simulation  raaults 

Within  each  vibrational  band  of  the  OH  A-^X  transi¬ 
tion,  the  dominant  rotational  branches  are  the  /*,,  /’j.  Qi>  Qv 
/{„  and  Rj  branches.  Rotational  line  positions  in  these 
branches  are  shown  for  the  (0,0)  band  in  Fig.  6,  where  the 
labels  indicate  the  N  *  levels.  For  comparison,  the  high-reso¬ 
lution  emission  data  for  N  ^  +  HjO  at  ^  =  6  eV  is  also 
shown  in  Fig.  6.  The  dominant  features  in  the  data  are  the 
(0,0)  R  branches  at  306-307  nm,  the  (0,0)  Q-branch  peaks 
from  308  to  310  nm,  and  the  (0,0)  F  branches  broadening 
above  309  nm.  Additionally,  the  ( 1,1 )  R  branches  peak  at 
312-313  nm;  the  (1,1)  ^ branches  peak  at  3 13-3 IS  nm,  and 
the  ( 1,1 )  F-branches  broadening  contribution  is  important 
above  314  nm.  Simulation  parameters  are  adjusted  to  pro¬ 
vide  the  best  visual  fit  to  these  features  and  to  match  the 
relative  intensities  of  the  ( l,ii' )  bands. 

A  good  fit  to  the  data  is  not  found  when  a  single  rota¬ 
tional  temperature  is  used  in  the  simulations.  However,  as 
shown  in  Fig.  7,  the  combination  of  two  simulations 
provides  a  good  fit  to  the  emission  data.  The  individual  simu¬ 
lations  for  Fro,  =  300  K  (i;'  =  0)  and  =  3400  K 
(i;'  =  0,l)  are  shown  (solid  lines)  superimposed  on  the 
high-resolution  emission  data  (dashed  lines)  for 
Ar"^  -f  HjOatFc  m  =  1 9  eV.  Clearly,  neither  simulation  by 
itself  provides  a  good  fit  to  this  data.  Furthermore,  increas¬ 
ing  Fpo,  in  100  K  increments  between  3(X)  and  3400  K  does 
not  provide  any  single  simulation  with  a  reasonable  fit.  As 
also  shown  in  Fig.  7,  however,  the  combination  of  the  two 
simulations  for  T,oi  =  300  K  and  3400  K  does  reproduce  the 
experimental  data  well.  In  this  combination,  the  weighting 
of  the  two  components  is  1 :4.0  for  the  300:3400  K  simula¬ 
tions. 


280  285  290  295  300  305  310  315  320  325  330 
Wovelength,  Nanometers 


FIG.  6.  Line  positions  for  the  main  rotational  branches  in  the  OH  A^X 
(0.0)  vibrational  band.  Shown  for  comparison  is  the  high-resolution  emis¬ 
sion  data  for  HiO  at  £,  „  =  6  eV. 
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Wavelength,  Nanometers 

FIG.  7.  High-resolution  spectral  data  (dashed  lines)  for  Ar'^  +  H]0  at 
eV  with  simulations  (solid  lines)  =  3(X)  K,  u"  =  0; 

=  3400  K,  u'  =  0,l;and  the  combination  ofthe  two  simulations  with  a  1:4.0 
weighting  for  the  300:34(X)  K  components. 


Likewise,  the  remaining  high-resolution  data  has  been 
simulated.  The  best  fits  are  shown  (solid  lines)  superim¬ 
posed  on  the  experimental  data  (dashed  lines)  for 
Nj*"  +  HjO  and  Ar"^  -(-  H^O  in  Figs.  8  and  9,  respectively. 
In  all  cases,  the  best  fit  is  obtained  by  using  a  low  =  3(X) 
K  component,  with  v'  =  0  populated,  along  with  a  high 
component,  in  which  both  p'  =  0  and  p'  =  1  are  populated. 
In  all  high  cases,  the  p'  =  1:p'  =  0  population  ratio  is 
0.75:1.  For  a  Boltzmann  population,  this  ratio  corresponds 
to  a  vibrational  temperature  of  TVit,::  16  (XX)  K(£y,^  =  1.35 
eV),  and  would  also  indicate  that  approximately  66%  of  the 
A  state  OH  is  produced  in  vibrational  levels  above  v'  =  1.  As 
mentioned  earlier,  no  emissions  are  observed  from  p'>2  lev¬ 
els,  because  these  levels  either  are  not  populated  or  are  fully 
predissociated.  In  other  systems,  non-Boltzmann  vibration¬ 
al  populations  have  been  observed;^^  however,  a  definitive 
statement  on  the  population  is  not  possible  here.  In  the 
Trot  =  3(X)  K  case,  population  of  the  p'  =  1  level  cannot  be 
ruled  out;  however,  the  agreement  between  the  simulations 
and  experimental  data  is  significantly  degraded  when  the 
Tro,  =  3(X}  K  p'  =  1  level  is  set  to  provide  10%  the  total 
p'=  1  contribution  (i.e., p'=  1:p'  =  0 equals 0.075:1). This 
level  corresponds  to  a  Boltzmann  population  of  =  1800 
K  =  0.15  eV),  with  less  than  0.6%  of  the  population 
above  p'  =  1,  and  represents  an  extreme  upper  limit  to  the 
p'  =  1  population  in  the  Trot  =  3(X)  K  case.  Because  the  sig¬ 
nal  that  this  level  contributes  to  the  overall  simulation  is 
negligible,  the  p'  =  1  population  is  set  to  zero  in  the 
Trot  =  300  K  component  of  all  simulations. 

The  primary  simulation  variables  are  the  value  of  the 
high  Trot  sod  fhe  relative  weighting  of  the  two  simula¬ 

tion  components.  These  variables  are  summarized  in  Table  I 
along  with  the  average  rotational  energies,  >  for  the  high 
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FIG.  8.  Simulations  (solid  lines)  for  the  N,*  HjO  spectral  data  (dashed 
lines). 

Tro,  distributions.  The  high  Tro,  values  for  the  simulations 
are  also  plotted  as  a  function  of  collision  energy  in  Fig.  10, 
where  a  monotonic  increase  in  Tro,  ^th  increasing  collision 
energy  is  visible.  While  performing  the  simulations,  the  rota- 
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FIG.  9.  Simulations  (solid  lines)  for  the  Ar*^  -I-  H-O  spectral  data  (dashed 
lines). 
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tional  temperatures  of  the  v'  =  0  and  v'  ==  1  levels  in  the  high 

component  were  first  independently  varied,  but  found 
to  be  equal.  A  similar  occurrence  of  matching  r„,  in  differ¬ 
ent  v'  levels  has  been  reported  by  Kusunoki  and  Ottinger^*^ 
for  measurements  of  CH'^fCD"^)  chemiluminescence  in 
C"*"  -1-  H2(D2)  reactions. 

Predissociation  of  the  A  state  above  N'  =  23  in  the 
v'  =  0 band,  and  above  N'  =  14  in  the  u'  =  1  bands,  shortens 
the  radiative  lifetimes  of  these  levels.^^-^^  Simulations  have 
been  performed  to  consider  the  possibility  that  the  predisso¬ 
ciation  may  entirely  quench  emission  from  these  levels, 
thereby  affecting  the  spectra.  In  Fig.  11,  the  data  for 
Ar  HjO  at  =  19  eV  is  shown  with  simulations  thac 
alternately  include  (lower  plot)  and  disregard  (upper  plot) 
total  quenching.  To  include  the  quenching,  the  calculation  is 
truncated  at  the  predissociation  limits.  This  has  no  effect  on 
the  =  3(X)  K  component  of  the  simulation,  because  the 
rotational  population  falls  to  essentially  zero  by  N'  =  10. 


FIG.  10.  Collision  energy  dependence  of  the  high  component  in  the 
simulations. 


280  285  290  295  300  305  310  315  320  325  330 
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FIG.  11.  Simulations  for  Ar'^  +  HjO  emissions  at  =  19  eV,  alternate¬ 
ly  including  (lower  plot)  and  disregarding  (upper  plot)  the  possible 
quenching  of  emissions  due  to  predissociation  above  iV '  =  23  in  v'  =  0,  and 
above  JV’  =  14  in  u'  =  1. 


For  Tro,  =  3400  K,  however,  rotational  levels  up  to  '  =  30 
are  populated,  and  the  inclusion  of  such  quenching  causes  a 
significant  change  in  the  simulation  result,  particularly 
around  286-291  nm  and  317-327  nm.  The  simulations  that 
do  not  include  predissociative  emission  quenching  exhibit 
better  agreement  with  the  data.  Thus,  predissociation  has  no 
significant  affect  on  the  spectra  at  the  present  experimental 
conditions  (i.e.,  spectral  resolution)  and  is  not  included  in 
the  final  simulations. 


IV.  DISCUSSION 

A.  OH  A  state  formation  cross  sections 

The  OH  A  state  formation  cross  section  can  be  estimated 
using  the  low  resolution  measurements  in  Figs.  1  and  2.  The 
total  OH  and  H20'^  emission  intensities  have  been  integrat¬ 
ed,  accounting  for  the  OMA  spectral  response.  An  estimate 
of  the  OH  A  state  formation  cross  section  is  given  by  the  ratio 
of  the  0H:H20'^  emission  intensities  multiplied  by  the  ap¬ 
propriate  charge  transfer  cross  sections.  This  assumes  that 
(i)  the  collection  efficiency  is  the  same  for  both  types  of 
emissions,  (ii)  all  HjO"^  formed  in  reactions  ( 1 )  and  (2)  is 
produced  in  the  A  state  and  therefore  emits,  and  (iii)  all  A 
^ate  OH  formed  in  reactions  (3)  and  (4)  emits.  The  HjO"*" 
A-*X  and  OH  A-»X  states  have  similar  radiative  lifetimes 
(r  =  800  ns  for  HjO^  A  ^Xitid  700  ns  for  OH  A  -  JT).” 
Past  studies^-^*  have  shown  that  H20‘^  produced  in  reac¬ 
tions  (1)  and  (2)  is  formed  with  very  little  momentum 
transfer;  i.e.,  the  HjO*^  has  near-thermal  translational  ener¬ 
gy  in  the  laboratory  frame.  Time-of-flight  measurements  on 
the  ionic  products  of  the  deuterated  analogs  of  reactions  ( 3 ) 
and  (4)  indicate  a  spectator  stripping  type  mechanism,  in 
which  the  OH(OD)  co-product  experiences  no  significant 
increase  in  velocity  during  the  collision  and  is  therefore  also 
formed  with  near-thermal  translational  energy.  With  similar 
radiative  lifetimes  and  translational  energy  distributions  for 
the  HjO*^  and  OH,  their  emissions  will  have  similar  spatial 
distributions.  Thus,  the  first  assumption  is  justified. 
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The  analysis  of  the  A-*X  emissions  in  reactions 
( 1 )  and  (2)  (Ref.  17)  shows  that  the  population  of  H20^  A 
state  levels,  following  charge  transfer,  is  strongly  related  to 
HjO  ionization  Franck-Condon  factors.  It  is  therefore  as¬ 
sumed  that  the  majority  of  the  H20^  is  produced  in  the  A 
state.  The  luminescence  measurements  cannot  detect  any 
H20^  that  may  be  directly  formed  in  the  .T  state;  therefore, 
the  derived  OH  A  state  formation  cross  sections  are  upper 
limits  to  the  actual  cross  sections.  Because  A  state  OH  that 
may  be  formed  in  vibrational  levels  v'>2  can  predissociate, 
the  derived  cross  sections  may  also  underestimate  the  total  A 
state  formation  cross  section.  They  do,  however,  serve  as  a 
reasonable  estimate  (i.e.,  within  about  a  factor  of  2)  for  this 
cross  section. 

The  estimates  calculated  for  the  A  state  OH  formation 
cross  sections  are  plotted  as  a  function  of  collision  energy  in 
Fig.  12  for  both  reactions  (3)  and  (4).  Above  „  =  5  eV, 
comparison  of  these  estimated  cross  sections  with  recent 
NjH"*^  cross-section  measurements show  the^^  state  for¬ 
mation  to  account  for  approximately  10%  of  the  reaction 
(3)  cross  section  and,  therefore,  less  than  1%  of  the  total 
reaction  cross  section  for  -I-  HjO  collisions.  The  total 
cross  section  for  reaction  (4)  is  significantly  smaller  than 
that  of  reaction  (3)  above  ^  =  5  eV.’’'  Above  15  eV,  the 
OH  A  state  formation  may  account  for  all  of  the  reaction  (4) 
cross  section.  At  E^  ^  >  30  eV,  hydrogen  atom  Balmer  series 
emissions  are  observed  in  the  Ar^  -t-  HjO  system.”  The  in¬ 
crease  in  OH  emissions  at  32  eV  may  result  from  dissociative 
processes  similar  to  those  forming  the  excited  hydrogen 
atoms.  The  hydrogen  atom  emissions  are  only  observed  at 
much  higher  collision  energies  in  the  +  H2O  system.  ” 

As  seen  in  Fig.  1 2,  the  estimated  value  for  the  OH  A  state 
formation  cross  section  is  less  than  0.5  A.’  In  its  simplest 
form,  the  reaction  cross  section,  a,  can  be  written  as 
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FIG.  12.  Estimates  for  the  OH  A  state  formation  cross  section  as  a  function 
of  collision  energy. 


a  =  PirR 

where  F  is  the  average  probability  for  a  reaction  to  occur  and 
R  is  the  intermolecular  distance  along  the  scattering  trajec¬ 
tory  at  which  the  particular  transfer  is  most  probable.  For 
a  —  0.5  A‘,  a  large  impact  parameter  collision  (R  >  3  A) 
would  have  an  extremely  small  probability  (F<0.02),  and 
even  a  very  small  impact  parameter  collision  would  have  a 
relatively  low  probability  of  reaction  (for  R  =  1  A, 
P=  0.16).  Formation  of  A  state  OH  may  therefore  proceed 
as  an  extremely  inefficient  process  in  large  impact  parameter 
collisions,  or  as  a  moderately  efficient  process  at  smaller  im¬ 
pact  parameters.  The  translational-to-intemal  energy  con¬ 
version  that  is  required  to  overcome  the  endothermicity  in 
forming  A  state  OH  is  consistent  with  a  small  impact  param¬ 
eter  collision. 

B.  Reaction  dynamics 

Two  rotational  Boltzmann  distributions  are  necessary 
to  adequately  simulate  the  emission  data.  This  suggests  that 
two  channels  are  operative  in  forming  excited  OH,  resulting 
in  (i)  excited  and  (ii)  near-thermal  rotational  populations. 
As  seen  in  Table  I,  the  high  case  is  the  dominant  chan¬ 
nel.  In  this  channel,  A  state  OH  is  formed  in  both  u'  =  0  and 
u'  =  1,  with  a  collision  energy-dependent  that  ranges 
from  1(X)0  K  at  E,  ^  =  6  eV  to  34(X)  K  at  E^„  =  19  eV. 
This  channel  is  proposed  to  arise  from  a  two-step  reaction 
involving  a  long-range  charge  transfer,  followed  by  a  shorter 
range  proton  transfer  to  the  “primary”  species.  Although 
little  momentum  is  transferred  in  the  large  impact  parameter 
charge-transfer  collisions,  it  is  still  possible  to  reconcile  the 
high  OH  rotational  angular  momentum  with  such  collisions. 
In  reactions  ( 1 )  and  (2),  HjO"*  is  formed  in  highly  excited 
bending  vibrational  levels  of  the  linear  A  state.”  Following 
the  loss  of  a  proton,  this  H^O^^  vibrational  angular  momen¬ 
tum  most  likely  appears  as  OH  rotational  angular  momen¬ 
tum.  Similar  correlations  between  H2O  V2  excitation  and  re¬ 
sulting  OH  rotational  excitation  has  been  reported  by  Sinha 
etal.*°  and  by  Bronikowski  et  al.*'  In  those  groups,  specific 
vibrational  modes  of  neutral  H2O  (HDO)  are  laser  excited. 
The  vibrationally  excited  HjO  then  undergoes  hydrogen 
atom  transfer  (loss)  reactions  and  the  rotational  population 
of  the  resulting  OH  is  studied.  In  both  cases,  when  the  H2O 
V2  (bending  mode)  is  excited  by  even  a  small  amount  (e.g., 
to  i;  =  1  or  2),  the  product  OH  is  rotationally  excited.  In 
cases  where  both  OH  stretch  local  modes  in  the  H2O  are 
excited,  the  final  OH  is  also  vibrationally  excited.  Similarly, 
the  OH  vibrational  excitation  observed  here  may  indicate 
stretching  excitation  of  the  intermediate  H20^. 

The  other  channel  is  characterized  by  formation  of  A 
state  OH  in  the  u'  =  0  vibrational  level  with  a  rotational  tem¬ 
perature  profile  matching  =  300  K.  Qualitatively,  this 
rotational  population  is  consistent  with  a  pairwise  interac¬ 
tion  involving  thermal  H2O  that  results  in  a  direct  hydrogen 
atom  transfer.  In  such  a  mechanism,  the  primary  ion  would 
interact  mainly  with  the  hydrogen  atom  being  stripped  from 
the  H2O  and  the  remaining  OH  would  absorb  enough  energy 
to  reach  the  A  state.  The  vibrational  distribution  of  thermal 
HjO  is  essentially  100%  in  u^O  (relative  population  of 
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i>  ==  1  is  <  10“^  for  the  v,  and  Vj  stretching  vibrations,  and 
5  X  IQ—*  for  the  bending  vibration).  Removal  of  a  hydro¬ 
gen  atom  from  such  vibrationally  relaxed  H2O  is  expected  to 
produce  rotationally  cool  OH. 

Quantitatively,  however,  the  predictions  of  the  pairwise 
energy  model  differ  from  the  observation  of  the  OH  A  state 
threshold  near  S  eV  for  reaction  (3)  and  12  eV  for  reaction 
(4).  The  pairwise  energy  model  predicts  that,  for  a  reaction 
of  the  type  A  -|-  HB-»HA  +  B,  the  translational  collision 
energy  available  to  internal  modes  of  the  products, 
is  given  by^' 

=^cn..  [("».< 

Forreaction  =  E^^  X  0.088,  and  for  reaction  (4), 

=  £c  m.  X  0.079.  As  mentioned  earlier,  production  ofy4 
state  OH  is  endothermic  by  2.1  eV  for  reaction  (3)  and  by 
3.1  eV  for  reaction  (4).  The  thresholds  predicted  for  OH  A 
state  production,  where  equals  the  endothermicity,  are 
therefore  E^^,,  =  24  eV  for  reaction  (3)  and  E^  ^  =  39  eV 
for  reaction  (4).  A  greater  translational-to-intemal  energy 
transfer  must  occur  for  OH  A  state  production  than  that 
predicted  by  the  pairwise  model  below  these  thresholds. 
These  reactions  must  therefore  occur  with  relatively  small 
impact  parameters,  presumably  on  repulsive  surfaces  that 
permit  such  transfer.^'  The  transfer  of  the  required  energy 
would  be  reflected  in  a  reduced  kinetic-energy  release.  For 
example,  at  E^  ^  =  11  eV,  the  laboratory  frame  transla¬ 
tional  energy  of  N^H"^  would  be  1. 1  eV  lower  than  the  pair¬ 
wise  energy  prediction,  which  is  Eha  =  Ea  i>nA/m„A  )•  The 
OH  A  state  formation  is  therefore  only  possible  in  the  low- 
energy  tail  of  the  observed  NjH  laboratory  energy  distri¬ 
butions.^ 


V.  SUMMARY 

The  OH  A-*X  emissions  resulting  from  hydrogen  atom 
pickup  channels  in  -f-  H^O  and  Ar"^  -t-  HjO  collisions 
at  suprathermal  energies  are  reported.  Above  a  threshold  of 
Ec„,,  =:  5  eV  for  +  H2O,  the  production  of  A  state  OH  is 

found  to  account  for  less  than  10%  of  the  hydrogen  atom 
pickup  channel  cross  section  and  less  than  1  %  of  the  total 
reaction  cross  section.  For  Ar^  H2O,  A  state  OH  may  be 
formed  in  all  of  the  hydrogen  atom  pickup  reactions  above 
Ec  „  z:  1 5  eV,  but  represents  less  than  2%  of  the  total  reac¬ 
tion  cross  section.  Simulations  of  the  OH  emissions  show 
two  components:  one  that  results  from  vibrationally  and  ro¬ 
tationally  hot  OH,  and  one  that  results  from  vibrationally 
and  rotationally  thermal  OH.  It  is  suggested  that  the  two 
dynamic  channels  are  due  to  a  nonadiabatic  atom  transfer 
via  the  H20'*'  surface  and  to  a  direct  transfer,  respectively. 
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